1. Introduction {#sec1}
===============

Nowadays, the number of patients with osteoarthrosis and the demand for artificial joints are growing because of faster aging population \[[@bib1],[@bib2]\]. It is more popular for titanium and its alloys used as artificial joint materials \[[@bib3], [@bib4], [@bib5]\]. However, the biological activity of the titanium materials is not ideal to combine with the surrounding tissue in a short time \[[@bib6],[@bib7]\]. In addition, an oxide passivation film is usually formed on the titanium surface, which may be peeled off and dissolved under the influence of external force and body fluid \[[@bib8],[@bib9]\]. This may cause toxicity, inflammation, and thrombosis in the body, so the corrosion resistance of titanium needs to be improved. Furthermore, titanium surface lacks antibacterial ability, which may cause postoperative bacterial infection, eventually leading to surgical failure \[[@bib10]\]. Thus, it is important to modify titanium surface to improve its biological activity, mechanical property, corrosion resistance and antibacterial ability.

A diamond-like carbon film is an amorphous carbon film with performances similar to those of a diamond film. Owing to good corrosion resistance, wear resistance and biocompatibility, DLC film has been obtained great attention in the field of biomedicine, especially artificial joints for more than 10 years \[[@bib11], [@bib12], [@bib13]\]. There are various ways to prepare DLC films, including CVD (chemical vapor deposition) \[[@bib14]\], PVD (physical vapor deposition) \[[@bib15]\], and PIII&D (plasma immersion ion implantation and deposition) \[[@bib16],[@bib17]\]. Compared to CVD and PVD, PIII&D technology has some unique features. It has the advantages of full-scale implantation, surface reaction, high reactivity of the injected component, and no distinct interface exists between the substrate and the modified layer \[[@bib18],[@bib19]\]. By using this technology and controlling process parameters, carbon ions can be implanted into titanium and its alloys to form TiC or DLC modified layer on their surfaces to improve mechanical property and corrosion resistance \[[@bib20], [@bib21], [@bib22]\].

However, the surface of the C-implanted titanium in our previous research cannot inhibit bacterial growth well enough \[[@bib23]\]. Amorphous carbon can only interact with those bacteria adhered on its surface, so the interaction between amorphous carbon and bacteria is weak \[[@bib26],[@bib27]\]. Copper (Cu) is an essential micronutrient which has received increasing attention because of its role in wound healing, angiogenesis and antibacterial activities \[[@bib24],[@bib25]\]. Cu ions released tend to interact in a wide range with cells or bacteria. Thus, co-implantation of C and Cu into titanium, may produce better antibacterial ability than single Cu implantation, which combined both antibacterial effects of carbon and copper ions.

In this work, titanium surface is modified by C/Cu dual ions implantation using PIII&D technology. Mechanical property, corrosion resistance, antibacterial ability and cytotoxicity of implanted samples are investigated.

2. Materials and methods {#sec2}
========================

2.1. C/Cu ions implantation {#sec2.1}
---------------------------

Commercial pure titanium plates were cut into samples with the sizes of 10 mm × 10 mm × 1 mm and 20 mm × 10 mm × 1 mm , and then those samples were pretreated with mixed acid (HF and HNO~3~), before being ultra-sonicated with alcohol and ultrapure water in sequence. The samples were placed in a target table of PIII&D vacuum chamber, Carbon target was high-purity graphite rod (99.99%, 10 × 28 mm), and copper target was high-purity copper rod (99.99%, 10 × 28 mm). Vacuum was pulled below 5 × 10^−3^ Pa, and then carbon and copper implantation or carbon/copper dual ions implantation were conducted for 1 h, and parameters of implantation are displayed in [Table 1](#tbl1){ref-type="table"}. Samples with carbon implantation were represented by C--Ti; samples with copper implantation were represented by Cu--Ti, and samples with carbon/copper ions co-implantation were represented by C/Cu--Ti.Table 1Parameters used for C/Cu plasma immersion ions implantation & deposition (PIII&D).Table 1C--TiCu--TiC/Cu--TiImplantation voltage (kV)−30−30−30Implantation pulse duration (μs)100010001000Pulsing frequency (Hz)888

2.2. Surface characterization {#sec2.2}
-----------------------------

A field emission scanning electron microscope (FE-SEM; S-4800, Hitachi, Japan) was harnessed to observe surface morphologies of samples. The surface element composition of samples was probed by X-ray photoelectron spectroscopy (XPS; Physical electronics PHI-5802, PHI, USA), and XPS high-resolution spectrum was used to analyze the chemical states of elements.

2.3. Wettability of surfaces {#sec2.3}
----------------------------

A contact angle meter (SL200B, Solon, China) was utilized to analyze the wettability of surfaces. 2 μL of ultrapure water was dropped vertically on samples' surfaces. Then, the contact angle of the droplet was measured.

2.4. Surface zeta potential {#sec2.4}
---------------------------

A surpass electric analyzer was utilized to detect the zeta potential (ζ) of surface. Two samples with the size of 20 × 10 × 1 mm^3^ were placed on the stage, and the distance of gap between two parallel samples was adjusted to 100 ± 5 μm to ensure that the electrolyte (0.001 mol/L KCl solution) passed through the gap. HCl and NaOH solutions were added to change pH value of the electrolyte in the range of 5.0--9.0. The current and pressure on the sample' surface were measured at a certain pH value, and Helmholtz-Smoluchowski formula was adopted to calculate the value of zeta potential (ζ) \[[@bib28]\]:$$\zeta = \frac{dI}{dP} \times \frac{\eta}{\varepsilon \times \varepsilon_{0}} \times \frac{L}{A}$$where *A* and *L* are the cross-sectional area and length of the electrolyte channel, respectively; *η, ε, ε*~*0*~ are the viscosity of the electrolyte, the dielectric constant and the vacuum dielectric constant respectively; *dI/dP* is the slope of the flow current versus pressure change.

2.5. Cu^2+^ release {#sec2.5}
-------------------

C/Cu--Ti and Cu--Ti were placed in centrifuge tubes with 10 mL of PBS and these tubes were placed in a 37 °C incubator. An inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine the amounts of released copper ions (1, 4, 7, and 14 days).

2.6. Test of electrochemical performance {#sec2.6}
----------------------------------------

A CHI760C electrochemical workstation was used to test the corrosion resistance of different samples. The working electrode was a test sample, and a graphite electrode acted as the counter electrode, while a saturated calomel electrode serveed as the reference electrode. The electrolyte used in this test was 0.9 wt% NaCl solution, and the Tafel curve of each sample was measured at room temperature, and the scanning rate was set to 0.01 V/s.

2.7. Hardness of surface {#sec2.7}
------------------------

A G200 nano-indenter was harnessed to measure the micro-hardness value of the test sample\'s surface, meanwhile the hardness was measured by selecting 3 points on each sample.

2.8. Test of antibacterial ability {#sec2.8}
----------------------------------

By using *S. aureus* (ATCC 25923) and *E. coli* (ATCC 25922), the antibacterial ability of samples modified through ion implantation was evaluated. After sterilized under light of ultraviolet for 24 h, samples were put into a 24-well plate, and 100 μL of bacterial liquid with a bacterial concentration of 10^6^ cfu/mL was added to each sample\'s surface. Bacteria on various surfaces were then cultured in a 37 °C incubator for 24 h, before being quickly transferred to centrifuge tubes containing 4 mL of physiological saline, and these tubes were shaken vigorously on a shaker for 30 s to detach the bacteria from the sample. Afterwards, the isolated bacterial suspensions were sequentially diluted 10 times in the sterilized physiological saline, and then 100 μL of the diluted bacterial solutions were uniformly applied to standard agar plates (Nutrient Broth No. 2 (NB) for *S. aureus* and Luria-Bertani (LB) for *E. coli*). After cultured for 16 h in a 37 °C incubator, the agar plates were removed from the incubator to count the number of colonies, and the antibacterial rate of the sample was calculated by using the following formula:$$k = \frac{A - B}{A} \times 100\%$$*K*: sample antibacterial rate.*A*: Number of colonies in the control sample.*B*: Number of colonies in the experimental group.

Besides, an additional sample was added to each culture group to observe the microscopic morphology and number of bacteria under a scanning electron microscope (SEM).

2.9. Cytotoxicity evaluation {#sec2.9}
----------------------------

Cytotoxicity of each sample was evaluated by using mouse osteoblast cells (MC3T3-E1). The MC3T3-E1 cells with a density of 2 × 10^4^ cells/mL were seeded on the surfaces of samples, and every 3 days the culture solution was changed. After 1, 4, and 7 days, an original culture medium was aspirated, and a fresh culture medium which contained 10% alamarBlue™ was added. At the end of incubation, 100 μL of the medium was pipetted from each well into a black 96-well plate (Nunc, USA). And the intensity of fluorescence was measured in a condition where the wavelengths of excitation and emission were 550 nm and 590 nm, respectively.

2.10. Statistical analysis {#sec2.10}
--------------------------

Experimental data were statistically analyzed by means of GraphPad Prism software. Differences between experimental variables in different groups were analyzed by one-way ANOVA and Tukey\'s multi-group comparison experiments. Each set of variables contained at least three valid values, and the significance difference level was set to *p* = 0.05. If *p* \< 0.05, a statistically significant difference existed.

3. Result and discussion {#sec3}
========================

3.1. Surface characterization {#sec3.1}
-----------------------------

[Fig. 1](#fig1){ref-type="fig"} shows surface morphologies of samples before and after ions implantation. There was gully-shaped structure formed by mixed acid processing, and the surface morphologies of samples did not have obvious change after ion implantation ([Fig. 1](#fig1){ref-type="fig"}a--d). However, through observation from high-magnification images ([Fig. 1](#fig1){ref-type="fig"}e--h), both Cu--Ti and C/Cu--Ti surfaces contained nano-particles, which were formed due to process of Cu-PIII&D \[[@bib29],[@bib30]\].Fig. 1Morphology of surfaces at low magnification (a-d) and high magnification (e-f).Fig. 1

Atomic percentages of elements in 30 nm depth of samples analyzed though XPS are shown in [Table 2](#tbl2){ref-type="table"}. According to this table, carbon and copper ions have been successfully implanted into the modified substrates. Exactly, carbon relative atomic percentages of C--Ti and C/Cu--Ti were about 13.78 at.% and 10.04 at.%, respectively, while the copper relative atomic percentages of Cu--Ti and C/Cu--Ti were about 11.84 at.% and 13.68 at.%, respectively.Table 2XPS atomic percentages of elements at 30 nm depth of samples.Table 2Element (at.%)C--TiCu--TiC/Cu--TiC1s13.78--10.04Cu2p--11.8413.68O1s40.3553.8844.12Ti2p45.8734.2832.17

C 1s high-resolution XPS on surfaces and at 30 nm depth of C--Ti and C/Cu--Ti are displayed in [Fig. 2](#fig2){ref-type="fig"}a--d. As shown from [Fig. 2](#fig2){ref-type="fig"}a, there were four fitting peaks in C 1s high-resolution spectrum on surface of the C--Ti, main peak at 284.30 eV corresponded to C 1s binding energy in amorphous carbon \[[@bib31]\], and double peaks at 285.70 eV and 281.50 eV corresponded to C 1s binding energy in graphite \[[@bib32]\] and titanium carbide, \[[@bib33]\] respectively. The peak at 288.00 eV corresponded to C=O chemical bond \[[@bib34]\]. [Fig. 2](#fig2){ref-type="fig"}c shows C 1s high-resolution spectrum at 30 nm depth of C--Ti sample, and single peak at 281.50 eV corresponded to C 1s binding energy in titanium carbide \[[@bib33]\]. C 1s peak on surface of the C/Cu--Ti sample ([Fig. 2](#fig2){ref-type="fig"}b) was located at 284.31 eV and 288.00 eV corresponding to C 1s binding energy in amorphous carbon and C=O chemical bond. C 1s high-resolution spectrum ([Fig. 2](#fig2){ref-type="fig"}d) of C/Cu-Ti at 30 nm depth was located at 281.50 eV, corresponding to C 1s binding energy in titanium carbide \[[@bib33]\]. These results indicate carbon elements existed in C/Cu--Ti and C--Ti as titanium carbide and existed on the surfaces of these two samples in the form of amorphous carbon. XPS high-resolution spectra of Cu 2p from surfaces and inside of Cu--Ti and C/Cu--Ti at 30 nm depth are exhibited in [Fig. 2](#fig2){ref-type="fig"}e--h. There were six fitting peaks in Cu--Ti surface\'s Cu 2p high-resolution spectrum in [Fig. 2](#fig2){ref-type="fig"}e, where double peaks at 952.45 eV and 932.00 eV corresponded to Cu 2p~1/2~ and Cu 2p~3/2~ binding energies in metallic Cu, respectively \[[@bib35],[@bib36]\], double peaks at 954.00 eV and 934.20 eV corresponded to Cu 2p~1/2~ and Cu 2p~3/2~ binding energies in copper oxide, respectively \[[@bib37]\]. In addition, characteristic peaks occurred at 962.00 and 941.90 eV corresponded to satellite peaks of CuO \[[@bib38], [@bib39]\].Fig. 2C1s XPS high-resolution spectra gained from C--Ti and C/Cu--Ti surfaces (a and b) and inside at 30 nm depth (c and d); Cu 2p XPS high-resolution spectra gained from Cu--Ti and C/Cu--Ti surfaces (e and f) and inside at 30 nm depth (g and h).Fig. 2

XPS high-resolution spectrum of Cu 2p gained from the inside of Cu--Ti at 30 nm depth is shown in [Fig. 2](#fig2){ref-type="fig"}g, where double peaks were located at 952.45 eV and 932.63 eV, corresponding to Cu 2p~1/2~ and Cu 2p~3/2~ binding energies of metallic Cu, respectively \[[@bib40],[@bib41]\]. The high resolution Cu 2p spectra of C/Cu-Ti on surface is similar to that of Cu-Ti ([Fig. 2](#fig2){ref-type="fig"}f). Double peaks ([Fig. 2](#fig2){ref-type="fig"}h) of Cu 2p at 30 nm depth were positioned at 952.45 eV and 932.67 eV respectively, which corresponded to Cu 2p~1/2~ and Cu 2p~3/2~ binding energies of metallic Cu respectively \[[@bib41],[@bib42]\]. The above results indicate copper existed on both surface and inside of C/Cu--Ti and C--Ti.

Ti 2p high-resolution XPS on surfaces and inside of different samples are displayed in [Fig. 3](#fig3){ref-type="fig"}. As shown from [Fig. 3](#fig3){ref-type="fig"}a, there were four fitting peaks in Ti 2p high-resolution spectrum on surface of the C--Ti. Two main peaks located at 458.20 eV and 464.19 eV, corresponding to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies in TiO~2,~ respectively \[[@bib43],[@bib44]\]. And two peaks at 462.00 eV and 455.90 eV corresponded to Ti 2p~1/2~ and Ti 2p~3/2~ in Ti~2~O~3~\[[@bib45],[@bib46]\], respectively. [Fig. 3](#fig3){ref-type="fig"}b shows high-resolution spectrum of Ti 2p at 30nm depth of C-Ti and six peaks can be found. Two main peaks were located at 454.20 eV and 460.20 eV corresponding to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of Ti-C \[[@bib47], [@bib48]\]. Peaks at 456.10 eV and 461.50 eV corresponded to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of Ti^2+^ respectively \[[@bib49], [@bib50]\]. Two peaks located at 457.73 eV and 463.52 eV presented Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of TiO~2~ respectively \[[@bib51]\].Fig. 3XPS high-resolution spectra of Ti 2p obtained from surfaces (a, c and e) and inside of C--Ti, Cu--Ti and C/Cu--Ti at 30 nm depth (b, d and f).Fig. 3

Ti 2p peaks on surface of Cu--Ti were situated at 458.33 eV and 464.19 eV, corresponding to Ti 2p~3/2~ \[[@bib52]\] and Ti 2p~1/2~ \[[@bib44]\] binding energies of TiO~2~ ([Fig. 3](#fig3){ref-type="fig"}c). There were six peaks in Ti 2p high-resolution spectrum of Cu-Ti at 30 nm depth ([Fig. 3](#fig3){ref-type="fig"}d). Two peaks were located at 454.70 eV and 460.20 eV corresponding to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of metallic Ti \[[@bib53], [@bib54]\]. It has been reported that Ti 2p~3/2~ and Ti 2p~1/2~ peaks (about 454 eV and 460 eV) of Ti-C overlapped with those of pure Ti \[[@bib55], [@bib56]\]. Thus, we resolve these peaks according to specific experiments and C 1s high resolution of samples. Two peaks situated at 458.06 eV and 463.65 eV corresponded to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of TiO~2~ respectively \[[@bib57]\]. The other two peaks which were positioned at 456.52 eV and 462.00 eV corresponded to Ti^3+^ \[[@bib58]\].

Ti 2p high-resolution spectrum on surface of C/Cu--Ti is shown in [Fig. 3](#fig3){ref-type="fig"}e. Two peaks located at 458.20 eV and 464.00 eV corresponded to binding energies of Ti 2p~3/2~ and Ti 2p~1/2~ in TiO~2~ \[[@bib59]\]. [Fig. 3](#fig3){ref-type="fig"}f displays high-resolution spectrum of Ti 2p at 30nm depth of C/Cu-Ti. Two peaks at 454.20 eV and 460.00 eV corresponded to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of Ti-C \[[@bib48]\]. Double peaks at 457.73 eV and 463.52 eV corresponded to Ti 2p~3/2~ and Ti 2p~1/2~ binding energies of TiO~2~ \[[@bib51]\]. The other two peaks at 456.10 eV and 461.50 eV corresponded to Ti^2+^ \[[@bib49], [@bib50]\].

These results indicate titanium element mainly existed on C--Ti, Cu--Ti and C/Cu--Ti in the form of TiO~2~, while it mainly existed as titanium carbide and/or pure titanium at the depth of 30 nm inside C--Ti, Cu--Ti and C/Cu--Ti.

3.2. Surface wettability {#sec3.2}
------------------------

The measured water contact angles of different samples are shown in [Fig. 4](#fig4){ref-type="fig"}. Ti, C--Ti, Cu--Ti and C/Cu--Ti samples' contact angles were 52.5 ± 4.0°, 46.6 ± 3.6°, 50.7 ± 2.4° and 49.6 ± 1.3° respectively. There is no obvious difference among these groups, indicating that the surface wettability could not be changed by ion implantation.Fig. 4Water contact angles measured from various surfaces.Fig. 4

[Fig. 5](#fig5){ref-type="fig"} displays the release curves of Cu^2+^ of Cu--Ti and C/Cu--Ti immersed in PBS for two weeks. It can be seen that as the immersion time extended, Cu^2+^ concentration was increased. And the amount of copper ions released from C/Cu--Ti was more than that from Cu--Ti.Fig. 5Cu^2+^ release curves from Cu--Ti and C/Cu--Ti immersed in PBS for two weeks.Fig. 5

[Fig. 6](#fig6){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"} show curves of polarization and relevant data of samples in physiological saline before and after modification. The corrosion potentials of modified samples (C--Ti, Cu--Ti and C/Cu--Ti) all showed positive shift (shown by the red arrow), indicating anticorrosion performances of modified samples were improved. Anticorrosion performance of C--Ti was improved due to amorphous carbon formed on surface and TiC inside C--Ti \[[@bib20],[@bib22]\].Fig. 6Polarization curves of various samples.Fig. 6Table 3Corrosion potentials and currents of various samples.Table 3TiC--TiCu--TiC/Cu--Ti*E*~corr~ (V) *vs*. SCE−0.489−0.247−0.239−0.213*I*~corr~ (A cm^−2^)2.630 × 10^−7^7.943 × 10^−7^3.981 × 10^−6^3.459 × 10^−6^

After copper ions implantation, copper oxide existed on Cu--Ti. It has been reported that copper oxide had good corrosion resistance \[[@bib60]\], thus the corrosion potential of Cu--Ti could be larger than that of Ti surface. The reason why the corrosion resistance of titanium surface can be enhanced by C/Cu co-implantation may be that the standard electrode potential of nano-scale TiO~2~ film was −0.502 V \[[@bib61]\], and the standard electrode potential of Cu is +0.34 V \[[@bib29]\], while amorphous carbon with stable chemical properties existed on the surface. The amorphous carbon film has an amorphous metastable structure containing sp^2^ carbon and sp^3^ carbon \[[@bib62]\]. Amorphous carbon contains a certain amount of free electrons from the sp^2^ hybrid, so it has conductive property. Owing to low electron affinity and chemical inertness, amorphous carbon is a strong candidate for cathode \[[@bib63]\].

According to the corrosion principle of electrochemistry, a C/Cu galvanic corrosion pair could be formed in a liquid environment. Cu would preferentially act as the anode where Cu^2+^ions were relesed, while C would be the cathode, and the TiO~2~ layer was the path of electronic transmission. As a result of the above reaction, the Ti substrate was protected and the corrosion resistance was improved.

The specific reactions take below:

The surface zeta potential values of various samples are displayed in [Fig. 7](#fig7){ref-type="fig"}. As pH value of KCl electrolyte increased, zeta potential of all the samples tended to decrease. When pH value was 7.4, all the surfaces were negatively charged, and the values of Ti, C--Ti, Cu--Ti and C/Cu--Ti were −76.7 mV, −104.6 mV, −59.6 mV and −50.9 mV, respectively. Zeta potential of C--Ti sample was more negative than that of Ti, which may be related to the existence of amorphous carbon on such simple surface. The combination of carbon atoms in amorphous carbon included both SP^3^ hybridization and SP^2^ hybridization of carbon atoms \[[@bib64]\]. Therefore, C--Ti surface contained negatively charged free electrons, which may cause the zeta potential of C--Ti surface to be lower than that of Ti surface. Zeta potential value of C/Cu--Ti surface was slightly positive than that of Cu--Ti. The reason may be that more copper ions with positive charges were released from C/Cu--Ti surface at pH 7.4. (The zeta potential values of Ti surface cited data from previous studies \[[@bib30]\]).Fig. 7Surface zeta potential values of different samples at various pH values.Fig. 7

[Fig. 8](#fig8){ref-type="fig"} displays nano-hardness curves of the sample surfaces. Surface hardness of samples with ion implantation tended to increase in comparison with pure Ti, especially for C/Cu--Ti and C--Ti samples, which may be caused by high hardness of TiC on their surfaces. Copper implantation could slightly increase the nano-hardness value of Ti surface, possibly because of the existence of interior metallic copper \[[@bib65]\].Fig. 8Hardness average values of various samples at the depth from 40 nm to 60 nm.Fig. 8

The curves in nano-hardness of surfaces of the samples with depth are exhibited in [Fig. 9](#fig9){ref-type="fig"}. In general, nano-hardness value of C/Cu--Ti was the largest, rising to the peak at 22 nm (about 13 Gpa), before dropping generally to around 9 Gpa at 60 nm. And nano-hardness values of Cu--Ti and C--Ti were larger than that of Ti, so the nano-hardness value of Ti surface could be increased significantly by carbon/copper ions co-implantation, and the result was consistent with the trend showed in [Fig. 8](#fig8){ref-type="fig"}. (The nano-hardness data of Ti surface cited data from previous studies \[[@bib30]\]).Fig. 9Nano-hardness curves of various samples.Fig. 9

3.3. Antibacterial ability {#sec3.3}
--------------------------

The antibacterial ability of different samples against *E. coli* and *S. aureus* was quantitatively studied through plate counting method. The number of bacterial colonies on C--Ti or Ti was evidently more than that on C/Cu--Ti or Cu--Ti ([Fig. 10](#fig10){ref-type="fig"}a and b). According to [Fig. 10](#fig10){ref-type="fig"}c and d, inhibition rates to *S. aureus* and *E. coli* on surface of C--Ti were about 20% and 10%, respectively, indicating the weak antibacterial ability of C--Ti. This phenomenon would be explained below in conjunction with SEM morphologies of bacteria. The percent reductions of *E. coli* on both surfaces of Cu--Ti and C/Cu--Ti were about 100%. On the other hand, antibacterial rate of C/Cu--Ti against *S. aureus* was about 90%, and that of Cu--Ti was 75%. The results demonstrated that antibacterial properties of C/Cu-Ti were superior to the single Cu ion implantation (Cu--Ti).Fig. 10Images of *E. coli* and *S. aureus* colonies on surfaces of different samples: *E. coli* (a) and *S. aureus* (b); Percent reductions of bacteria re-cultivated on agar: *E. coli* (c) and *S. aureus* (d). (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).Fig. 10

[Fig. 11](#fig11){ref-type="fig"}, [Fig. 12](#fig12){ref-type="fig"} show SEM morphologies of *E. coli* and *S. aureus* after 24h cultivation on various surfaces. On pure Ti surface, a large number of *E. coli* and *S. aureus* grew well, while the number of bacteria on C--Ti surface was slightly decreased. The adhesion of bacteria on the material surface mainly includes 2 stages: at the first stage, the initial physical and chemical interaction happens; the second stage is the interaction of molecules and bacteria \[[@bib66]\]. Among the various interface parameters of materials, surface roughness and chemical composition are considered as two important factors related to the interaction between materials and bacteria. Before and after C-PIII&D modification, the sample\'s surface morphology did not show obvious change. Therefore, the surface roughness of the sample had negligible effect on bacteria adhesion, and bacteria adhesion was mainly controlled by the chemical composition of sample surface. According to the XPS results, the main component of the surface modified by C-PIII&D was amorphous carbon, which was chemically inert. It weakened the chemical action of the sample and bacteria, thus inhibited bacterial adhesion \[[@bib26],[@bib27]\]. Secondly, according to [Fig. 7](#fig7){ref-type="fig"}, the zeta potential value of C--Ti was lower than that of pure Ti sample at pH 7.4. Since bacterial membrane was negatively charged, C--Ti sample inhibited bacterial adhesion due to a stronger electrostatic repulsion. Therefore, the inhibition of bacterial adhesion by carbon ion implantation samples was considered to be the result of the combination of the larger chemical inertness of the surface carbon film and the negative surface potential. As shown in [Fig. 11](#fig11){ref-type="fig"}, compared with Ti and C--Ti, fewer complete bacterial individuals were found on both surfaces of Cu--Ti and C/Cu--Ti, and most *E. coli* had been split and dead, which indicated good antibacterial properties of those surfaces against *E. coli*.Fig. 11SEM morphology of *E. coli* seeded on different surfaces after incubation for 24 h.Fig. 11Fig. 12SEM morphology of *S. aureus* seeded on different surfaces after incubation for 24 h.Fig. 12

In [Fig. 12](#fig12){ref-type="fig"}, a large number of *S. aureus*, which grew well and had spherical shape, existed on Ti surface. However, some of the *S. aureus* with obvious dryness and flatness shape were on Cu--Ti. Moreover, more membranes of *S. aureus* on C/Cu--Ti were damaged, indicating that C/Cu dual ions implantation showed good antibacterial effect against *S. aureus*. The results above were consistent with the previous results shown in [Fig. 10](#fig10){ref-type="fig"}.

3.4. Cytotoxicity {#sec3.4}
-----------------

[Fig. 13](#fig13){ref-type="fig"} exhibits proliferation activity of mouse osteoblast MC3T3-E1 on different sample surfaces. It can be seen that cell activities on Cu--Ti and C/Cu--Ti were slightly higher than those on Ti and C--Ti, and this can be ascribed to the small amount of released copper ions. In our previous study, we have investigated the dose-response relationship between copper and its biocompatibilities, and the results showed that copper ions can stimulate the proliferation of MC3T3-E1 within the concentration of about 12.34 μM (0.8 ppm) \[[@bib67]\]. As shown in [Fig. 5](#fig5){ref-type="fig"}, the accumulated concentration of copper ions for Cu--Ti and C/Cu--Ti is less than 0.2 ppm after 14 days incubation, indicating Cu--Ti and C/Cu--Ti have good cytocompatibility to MC3T3-E1.Fig. 13Proliferative activity of MC3T3-E1 cultured on various surfaces for several days.Fig. 13

Schematic diagram of possible antibacterial mechanism on the surface of C/Cu co-implanted titanium is shown in [Fig. 14](#fig14){ref-type="fig"}. Amorphous carbon with chemical stability existed and the standard electrode potential of titanium dioxide is significantly more negative than that of copper, so Cu phase tends to serve as an anode releasing Cu^2+^, and amorphous carbon serves as a cathode. As a result, more Cu^2+^ could be released from the C/Cu--Ti surface than those from Cu--Ti surface. Burghardt et al. revealed that copper ions are not cytotoxic and could effectively kill bacteria, if its concentration is controlled within 10 mg/L \[[@bib68]\]. In this experiment, there is less than 10 mg/L Cu^2+^ released from Cu--Ti and C/Cu--Ti, and more copper ions within the save limitation can thus enter the microenvironment between the sample\'s surface and bacteria to improve its antibacterial ability.Fig. 14Schematic diagram of possible antibacterial mechanism on titanium surface after C/Cu co-implantation.Fig. 14

Besides, carbon acts as the cathode where a hydrogen evolution reaction and a reduction of dissolved oxygen take place, and these reactions can consume hydrogen ions (protons) in the microenvironment. Proton concentration ladder inside and outside the bacterial cell membrane is then affected \[[@bib28]\]. The reduction of proton outside membrane will inevitably affect the process of ATP synthesis where protons transported from the outside of membrane are needed, which may cause bacteria to have insufficient energy and eventually lead to bacterial death \[[@bib61]\]. "Synergistic effect" brought by C/Cu dual ions implantation can display good antibacterial effects without causing cytotoxicity.

4. Conclusion {#sec4}
=============

After C/Cu co-implantation, titanium surface mainly contained amorphous carbon and copper-bearing nano-particles, and TiC phase existed in near surface layer. C/Cu ions implantation could improve mechanical properties of Ti surface, which was mainly attributed to the effect of TiC phase. C/Cu ions implanted Ti surface could form Cu/C galvanic corrosion pairs, in which Cu served as anode, and C acted as cathode, thereby protecting the Ti surface and improving anti-corrosion performance of Ti surface. Copper ion release was controlled and resistance of Ti surface to bacteria was effectively improved by effect of galvanic corrosion, and Ti surface was free of cytotoxicity after C/Cu ions were implanted.
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